It has previously been demonstrated that far-red irradiation of dry Lactuca sativa L. seeds results in inhibition of subsequent germination. Although red has no effect on dry seeds, a red irradiation following a farred irradiation reverses the effect of far-red. This phenomenon is most noticeable in seeds with artificially raised levels of phytochrome in the far-red absorbing form. Qualitatively similar results have been found for the seeds of Plantago major L., Sinapis arvensis L., and Bromus sterilis L. Action spectra studies on Plantago seeds show that the action peaks for promotion and inhibition of germination of hydrated seeds are at 660 and 730 nanometers, respectively. The action spectrum for inhibition of subsequent germination following irradiation of dry seeds is qualitatively and quantitatively similar to that for hydrated seeds, with an action peak at 730 nanometers, indicating absorption by phytochrome in the far-red absorbing form. However, the action spectrum for the reversal of this far-red effect on dry seeds has a broad peak at 680 nanometers and subsidiary peaks at 650 and 600 nanometers. It is proposed that this effect is due to light absorption by the phytochrome intermediate complex meta-Fa, and that the action spectrum reflects the in vivo absorption properties of this intermediate.
In general, even in species whose germination is under phytochrome control, R3 irradiation of dry seeds has no effect on their germination response when these seeds are subsequently allowed to imbibe water in darkness. It has been demonstrated that for Lactuca seeds a seed water content of 15% is necessary for maximum responsivity to R (6, 7) . This has been ascribed to the fact that full photoconversion of phytochrome from Pr to Pfr is impossible in dry seeds (12, 18, 19) . However, FR irradiation of dry seeds has been shown to have an inhibitory effect on subsequent germination in Lactuca and Sinapis (3, 9) and this inhibition is reversed by R irradiation. FR/R reversible effects on dry seeds are most clearly seen in seeds with artificially high levels ofPfr (high-Pfr seeds) obtained by allowing seeds to imbibe in the dark, irradiating with R and then redrying. Seeds treated in this way maintain a high level of Pfr (indicated by a high dark germination) for a very long time (21) . The effects of light on dry seeds have been interpreted in terms of phytochrome intermediates (9) . It was suggested that FR/R reversibility may be due to photoreversibility between Pfr and a physiologically inactive R-absorbing phytochrome intermediate In experiments on fully hydrated seeds, Plantago and Sinapis seeds were sown on two layers of Whatman No. 1 filter paper soaked with 5 ml of double distilled H20 in 9-cm Petri dishes (Sterilin). Bromus seeds were sown on three layers of filter paper with 7 ml of water. Plantago seeds were incubated and irradiated at 25°C, Sinapis and Bromus seeds at 15C. The pre-irradiation dark incubation period was 24 h for Plantago and Sinapis and 4 h for Bromus. High-Pfr seeds were produced by allowing the seeds to imbibe, giving a 5-min (saturating) R irradiation and then transferring the seeds to dry filter paper. The seeds were vacuum desiccated over phosphorous pentoxide for 1 h under R and then kept under vacuum desiccation in the dark for a further 23 h. All seeds had a water content not greater than 0.08 g/g dry weight after drying. The seeds were then transferred to sealed tubes, which were kept in the dark at 4°C surrounded by desiccant until required. Dry high-Pfr seeds were transferred to moist filter paper immediately after an experimental light treatment. In fluence-response experiments used to determine action spectra, one dish of 100 seeds was used per treatment. Between five and eight fluences were used at each wavelength, and the whole series was duplicated. In other experiments, four dishes of 50 seeds were used per treatment and whole experiments were carried out three times. Final germination was counted after 5 d from the start of imbibition for Plantago, and after 4 d for Sinapis. For Bromus seeds, germination was counted after 2 d, but this was not the final germination, as eventually almost all seeds germinate unless given continuous or daily periods of light (5) . Seeds with visibly emergent radicles were counted as germinated. and 800 nm, 15 min being the standard saturating period of irradiation. Monochromatic light was obtained by a monochromator used in conjunction with a 1KW Xenon arc lamp (Oriel Corp.). The arc lamp beam passed through a lens system encompassing a water filter and circulating waterjacket. For irradiations of 700 nm and above, a Wratten cut-off filter No. 29 (Kodak) was inserted into the shutter over the monochromator exit slit to remove bands half the wavelength of the required light. Wratten neutral density filters No. 96 ND 1.00 (10% transmission) and No. 96 ND 2.00 (1% transmission) were sometimes inserted into the shutter to reduce the fluence rate. The collimated arc lamp beam was reflected down onto a Petri dish plate using a plane glass mirror at 45°. The Petri dish plate was temperature-controlled by a metal coil linked to a water bath. All manipulations of the seeds were carried out under dim green safelight ( 12) .
RESULTS
Irradiation of unpretreated 'low-Pfr' dry Plantago, Bromus, and Sinapis seeds with R does not affect subsequent germination (Table I) . FR irradiation of low-Pfr dry Sinapis seeds slightly inhibits subsequent germination and this is partially reversed by R, but FR has no effect on dry Plantago and Bromus seeds. This is due to the very low amounts of Pfr present in these dry seeds.
FR has no inhibitory effect on hydrated Plantago seeds and therefore the amount of Pfr present in the seeds at the time of maturation is not greater than the amount established by FR. The situation for Bromus seeds is more complex, as Pfr is itself inhibitory to germination (5) . This is expressed as a delay in germination after a single R pulse. As germination in the dark is nearly 100% after 2 d, any expected promotion of subsequent germination due to FR removing Pfr in the dry seed is not expressed. For high-Pfr seeds, there is no response to a R irradiation, but there is a large response to a FR irradiation ofdry seeds (Table II) . In Plantago and Sinapis, this is expressed as an inhibition of germination, whereas in Bromus there is a promotion of germination. This is due to Pfr being removed, with Bromus being unusual in that Pfr inhibits germination. In all three species, R will totally reverse the effect of FR when given subsequently. These results confirm the previous work of Kendrick and Russell (9) and Frankland (3).
Action spectra for the promotive and inhibitory effects of light on both dry and hydrated seeds were generated from fluenceresponse curves which were linear up to saturation when plotted as probit of germination against logarithm of fluence (Fig. 1) . The action spectra for the inhibitory effect of FR on hydrated (Fig. 2) and dry (Fig. 3 ) Plantago seeds are similar, both having action peaks at 730 nm. The peaks are skewed, with considerably greater action at wavelengths longer than 730 nm compared to shorter wavelengths. This is typical ofaction spectra for responses mediated by absorption of light by Pfr (2, 20) . The action spectrum for promotion of germination of hydrated Plantago seeds (Fig. 4) reflects absorption by Pr and is similar to those for other species (1, 2, 14, 15, 20) . The action peak is at 660 nm, with a sharp drop in action approaching 700 nm and considerable action in the blue part of the spectrum. However, the action spectrum for light perception by dry seeds after a FR irradiation (Fig. 5 ) is both quantitatively and qualitatively different to the action spectrum for hydrated seeds. There is a broad peak at 680 nm, subsidiary peaks at 650 and 600 nm and no action in the blue part of the spectrum. Unlike action spectra reflecting absorption by Pr, there is considerable action at 700 nm. The fluence required to achieve 50% promotion of germination at the action peak is considerably greater in dry seeds than in hydrated seeds (Table III) Thus, in dry seeds R photoconverts Pr to lumi-R which rapidly reverts to Pr in darkness, with no net change in the state of phytochrome within the seeds.
For dry seeds in which significant amounts of Pfr are trapped, either naturally during maturation on the parent plant or artificially as described in this paper, FR will photoconvert Pfr to lumi-F. It has been shown that lumi-F is rapidly photoconverted by FR to the intermediate complex meta-Fa which reverts only slowly back to Pfr in the dark in freeze-dried Pisum tissue ( 1, 16). Thus, when dry seeds are irradiated with FR, meta-Fa accumulates, being unable to relax to the intermediate meta-Fb and thence to Pr unless the seeds are allowed to imbibe water. The action spectrum for the perception of FR by dry seeds confirms that Pfr absorbs FR and is converted to an inactive form ofphytochrome, which ultimately yields Pr on rehydration. The similarity between the position of the action peaks for the reversal ofthis FR inhibition (Fig. 5) and the difference spectrum peaks for meta-Fa in freeze-dried Pisum tissue and fresh tissue at 77 K (1 1, 16) confirms that the effect is due to light absorption by meta-Fa. Thus, Pfr and meta-Fa exist in photoequilibrium in dry seeds: FR Pfr -± meta-Fa Xmeta-Fb R nonaqueous matrix The action spectrum for light perception by meta-Fa should reflect the absorption spectrum of meta-Fa in vivo, allowing for the complex photoequilibrium which exists between Pfr, metaFa, and lumi-F. The broad peak at 680 nm is likely to be an incomplete resolution of the two peaks found by difference spectrophotometry at 675 and 690 nm in seedling tissue (1 1, 16 ). The action peak at 650 nm coincides with the difference spec- intermediates when they were in the dehydrated state. Thus, the spectral composition of light to which seeds are subjected during maturation and after shedding (which will differ considerably in shaded and unshaded habitats) could significantly alter germination in the natural environment.
